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To understand the cellular events during planarian regeneration, we analyzed the process of pharynx regeneration in both
head and tail pieces using cell-type-specific markers. Interestingly, cells expressing the pharynx-muscle-specific myosin
heavy chain gene (DjMHC-A) appeared within 24 h after amputation (prior to the formation of a pharynx rudiment) in the
mesenchymal space of the stump, not in the blastema region. These DjMHC-A-positive cells migrated to the midline and
formed the pharynx rudiment. Even after formation of the pharynx rudiment, DjMHC-A-positive cells constantly appeared
in the mesenchymal space in the region surrounding the pharynx rudiment and participated in the growth of the pharynx
rudiment. These observations clearly indicated that the cells involved in pharynx-muscle formation are committed in the
mesenchymal space of the stump, rather than in the blastema region or the pharynx rudiment during planarian regeneration.
We also analyzed the process of regeneration of the pharynx epithelia using a monoclonal antibody and investigated the
origin of the pharynx epithelia. © 1999 Academic Press
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blastema.INTRODUCTION
Freshwater planarians have been used to study cytodiffer-
entiation and pattern formation because of their remarkable
regenerative capacity. When they are cut into small pieces,
each wound surface generates a “blastema,” and thereafter
each fragment becomes a complete individual (for general
reviews, see Brønsted, 1969, and Bagun˜a` et al., 1994).
Although many studies have been published on the mecha-
nisms of blastema formation and pattern formation in
planarians, most of them lacked analyses at the cellular
level, and many questions remain unanswered; e.g., does
planarian regeneration occur via a morphallatic, an epimor-
phic, or a mixed epimorphic–morphallatic system (Salo and
Bagun˜a`, 1984)? Do the cells in the blastema arise by
dedifferentiation of functional cells or from totipotent stem
cells, the so-called neoblasts? To answer these questions,
cellular analyses using reliable cell-type-specific markers
are indispensable. Recently, we succeeded in the isolation
of a neuron-specific gene (PH04; Agata et al., 1998),
pharynx- and body-wall-muscle-specific genes (DjMHC-A
and DjMHC-B; Kobayashi et al., 1998), and stem-cell- and
germ-cell-specific genes (DjvlgA and DjvlgB; Shibata et al.,1 To whom correspondence should be addressed. Fax: 81-791-58-
0187. E-mail: agata@sci.himeji-tech.ac.jp.
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All rights of reproduction in any form reserved.1999). In this report we describe cellular events during
pharynx regeneration analyzed using the pharynx-muscle-
specific DjMHC-A gene as a marker.
The planarian pharynx is situated in the middle portion
of the body and has been used as a morphological landmark
in regeneration studies. This organ is positioned within the
pharynx cavity, which opens to the ventral surface, and is
connected to the intestine duct by its anterior end. The
pharynx is composed of various differentiated cell types,
i.e., epithelial cells, muscle cells, neuronal cells (Kido et al.,
1964). Several investigators have already described the
structure and ultrastructure of mature and regenerating
pharynxes in detail (MacRae, 1963; Kido, 1959, 1961a,b,
1964; Hori, 1982; Asai, 1990, 1991; Bueno et al., 1997b). In
the process of pharynx formation in the regenerating piece,
a pharynx rudiment, which is thought to originate from an
accumulation of undifferentiated cells, is formed, and then
these cells form pharynx muscles and regenerate a new
pharynx (Kido, 1961a,b; Asai, 1990, 1991; Bueno et al.,
1997b). However, it is unclear whether the cells composing
the pharynx rudiment originate from neoblasts or arise by
dedifferentiation of functional cells, and it is unclear when
the fate of pharynx-forming cells is determined. For ex-
ample, Kido (1961a,b) concluded from histological observa-
tions that the cells participating in pharynx formation
originated from the blastema. Asai (1991) concluded from
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28 Kobayashi, Watanabe, and Agataultrastructural studies that intestinal cells take part in the
rudiment of the pharynx-lumen epithelium by transdiffer-
entiation. On the other hand, Bueno and co-workers (1997b)
have asserted that both pharynx muscles and pharynx
epithelial cells may originate from neoblasts of the stump.
Previously, we reported isolation of two myosin heavy
chain genes from the planarian Dugesia japonica (Koba-
yashi et al., 1998). One of them, DjMHC-A, is expressed
mainly in pharynx muscles, muscles surrounding the intes-
tinal duct, pharynx-cavity muscles and a subpopulation of
body-wall muscles. Furthermore, expression of this gene is
up-regulated in the body-wall muscles in the blastema-
forming region during regeneration. DjMHC-A is also ex-
pressed in a number of several cells in the mesenchymal
space around the base of the pharynx (the region where the
pharynx is joined to the body), and these cells appear to
participate in pharynx formation. In this report, we describe
the temporal and spatial distribution of DjMHC-A-
expressing cells during pharynx regeneration. We also in-
vestigate the origin of the pharynx epithelia by analyses
using a monoclonal antibody against pharynx epithelia and
an intestinal-cell-specific gene as probes.
MATERIALS AND METHODS
Animals and Regeneration Experiments
A clonal strain of planarian, D. japonica, established in our
laboratory was used. It was maintained in boiled tap water at
22–24°C and was fed chicken liver twice a week. All worms were
used for experiments after a 1-week starvation.
For regeneration studies, organisms 8–10 mm in length were cut
anterior or posterior to the pharynx and maintained at 22°C.
In Situ Hybridization
Intact and regenerating planarians were treated with 2% HCl for
5 min to remove the mucus. Then they were fixed in Carnoy’s
solution for whole-mount in situ hybridization or in a formalin/
icric acid/glutaraldehyde mixture for 3 h for paraffin sections or
xed in relaxant solution (Dawer, 1973) for 12–24 h. Samples for
hole-mount in situ hybridization were incubated in methanol
ontaining 15% H2O2 under light for 14 h at room temperature.
These samples were hybridized with probes as described by Ume-
sono et al. (1997, 1998) and Agata et al. (1998). In situ hybridization
of sections was performed as described by Kobayashi et al. (1998).
Histology
After fixation, samples were dehydrated, embedded in paraplast
(Oxford), cut into 4-mm sections, and then mounted on albumin-
oated glass slides. After deparaffination in xylene and hydration
hrough an ethanol series, the sections were stained with cresyl
iolet for 10 min.
ImmunohistochemistryAfter deparaffination, the mounted specimens were rinsed in
PBS and incubated in blocking buffer (10% bovine serum in PBS) for
Copyright © 1999 by Academic Press. All right30 min at room temperature (RT). Slides were then incubated in a
hybridoma culture supernatant solution overnight at 4°C and
rinsed three times in PBS containing 0.1% Triton X-100 (T-PBS;
Nakarai) for 30 min at RT. Slides were incubated in blocking buffer
containing alkaline-phosphatase (AP)-conjugated anti-mouse IgG
(E-Y Laboratories) diluted 1:250 at RT for 2 h. They were rinsed in
T-PBS and TMN (0.1 M Tris–HCl, pH 9.5, 50 mM MgCl2, 0.1 M
aCl) for 15 min. Bound antibody was detected by incubation of
he slides in TMN buffer containing 200 mg/ml NBT (Sigma) and
75 mg/ml BCIP (Sigma) for 2–3 h. After the chromogenic reaction
as completed, the slides were washed in TE buffer (10 mM
ris–HCl, pH 8.0, 1 mM EDTA), mounted in TE buffer containing
0% glycerol, and observed under a microscope.
RESULTS
Pharynx Regeneration in Tail Pieces
The intact planarians were cut posterior to the pharynx
(Fig. 1A), and regenerating tail pieces were fixed every 12 h.
To investigate the temporal and spatial differentiation of
muscles, we identified DjMHC-A-positive cells by in situ
hybridization of whole-mount specimens (Fig. 1B) and sec-
tions (Figs. 1C–1F). In whole-mount analyses (Fig. 1B), the
first signals of DjMHC-A were detected at 1–1.5 days of
regeneration in the central region of the stump, not in the
blastema. As regeneration proceeded, expression of
DjMHC-A spread in the central region of the body, and a
new pharynx was formed in the central portion of the
DjMHC-A-positive cell mass. These results clearly indi-
cated that the pharynx is formed in the stump region, rather
than in the blastema region.
In sections at 1 day of regeneration, intense hybridization
of DjMHC-A-positive cells was observed in the mesenchy-
mal space between the two main intestinal ducts in the
central region of the body (Fig. 1C) and in the body-wall
layer of the wound surface (data not shown). At 2 days of
regeneration, extensive accumulation of DjMHC-A-
positive cells was observed and a pharynx rudiment was
formed (Fig. 1D). Expression of DjMHC-A in the body-wall
layer surrounding the blastema region was still detected
(Fig. 1D, the region surrounded by dots). DjMHC-A-positive
cells were also observed on the wound surface of the
intestinal ducts (Fig. 1D, arrow). As regeneration proceeded,
expression of DjMHC-A in the body-wall layer of the
wound surface was down-regulated, whereas the number of
DjMHC-A-positive cells surrounding the pharynx rudiment
greatly increased, and the pharynx rudiment came to pro-
trude into the pharynx cavity (Fig. 1E). At 3.5–5 days of
regeneration, the pharynx lumen opened and enlarged to
connect the intestinal duct to the pharynx cavity (Fig. 1F,
arrow). Around that time, DjMHC-A-positive cells accumu-
lated in the body-wall-muscle layer of the nascent cavity-
forming region (Fig. 1F, open arrowhead). After that, the
pharynx cavity opened, and pharynx regeneration was com-
pleted.
s of reproduction in any form reserved.
FIG. 1. Expression patterns of DjMHC-A during the regeneration process of tail pieces. Anterior on the left. (A) Schematic diagram of
transection experiment. (B) Whole-mount in situ hybridization. The numbers indicate the days of regeneration. (C) Horizontal section.
(D–F) Sagittal sections. Dorsal on the top. (C) At 1 day of regeneration. DjMHC-A-expressing cells were observed in the mesenchymal space
in the central region. (D) At 2 days of regeneration. Arrow indicates the muscle surrounding the intestinal duct. Dots indicate the blastema
region. (E) At 3.5 days of regeneration. (F) At 5 days of regeneration. Open arrowhead indicates expression of DjMHC-A at the
body-wall-muscle layer in the nascent cavity-forming region. Arrow indicates pharynx lumen. Scale bars, 150 mm.
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31Planarian Pharynx RegenerationPharynx Regeneration in Head Pieces
The intact planarians were cut anterior to the pharynx
(Fig. 2A), and regenerating head pieces were fixed every
12 h. Pharynx regeneration was analyzed by in situ hybrid-
zation. In whole-mount samples (Fig. 2B), the first signal of
egeneration of pharynx muscles was detected at 1–1.5 days
f regeneration in the posterior region of the stump. After
hat, it appeared that expression of DjMHC-A spread
around the posterior region containing the blastema, and a
new pharynx was formed in the central portion of the mass
of DjMHC-A-positive cells. Thus, it seemed that the phar-
ynx was formed in the blastema region in the case of
regeneration from head pieces, although the pharynx was
formed in the stump region in the tail pieces.
However, in situ hybridization of sections clearly indi-
cated that the pharynx is formed in the stump region even
in the case of regeneration from head pieces. At 1 day of
regeneration, DjMHC-A-positive cells were observed in two
layers. One was the body-wall layer of the wound surface
(Fig. 2C, the region surrounded by dots). The other layer was
located on the boundary between the newly formed blast-
ema and the stump (Fig. 2C, arrowheads). At 2 days of
regeneration, DjMHC-A-positive cells had increased in
number and were starting to accumulate in the ventral
mesenchymal space in the posterior region of the intestinal
duct (Fig. 2D, arrowhead). DjMHC-A continued to be ex-
pressed at the body-wall layer in the blastema region (Fig.
2D, the region surrounded by dots). At 3.5 days of regenera-
tion, DjMHC-A-positive cells markedly accumulated at the
posterior end of the intestinal duct and formed the pharynx
rudiment (Fig. 2E, arrowhead). It is thus clear that the
position of the pharynx rudiment is the boundary region
between the stump and the blastema and that DjMHC-A-
positive cells participating in pharynx formation appeared
in the mesenchymal space of the posterior region of the
stump, not in the blastema region. On the other hand,
expression of DjMHC-A in the body-wall layer of the
blastema region decreased and became indistinguishable
from that of the stump region (Figs. 2E and 2F, the region
surrounded by dots). After that, the pharynx rudiment
protruded into the pharynx cavity, and the pharynx lumen
opened and enlarged to connect the intestinal duct to the
pharynx cavity by 5 days of regeneration (Fig. 2F, arrow).
Accumulation of DjMHC-A-positive cells was then ob-
served in the body-wall-muscle layer in the nascent cavity-
FIG. 2. Expression patterns of DjMHC-A during the regeneration
ransection experiment. (B) Whole-mount in situ hybridization. T
D–F) Sagittal sections. Dots indicate blastema region. Dorsal on
xpressing cells, which are observed in the mesenchymal space be
f DjMHC-A at the body-wall layer of the wound surface. (D) At 2 da
xpressing cells. (E) At 3.5 days of regeneration. Arrowhead indicate
ndicates expression of DjMHC-A at the body-wall-muscle layer in the
cale bars, 150 mm.
Copyright © 1999 by Academic Press. All rightforming region (Fig. 2F, open arrowhead). After that, the
pharynx cavity opened, and pharynx regeneration was com-
pleted.
DjMHC-A-Positive Cells Appear in the
Mesenchymal Space
With classical histological observation, the cluster of
small cells with a slit is identified as the first sign of
regeneration of a new pharynx at 1.5–2 days of regeneration
and is called the pharynx rudiment (Fig. 3A). It has been
thought that the cells participating in pharynx formation
may originate from the cells accumulating at the anterior
portion of the pharynx rudiment (Fig. 3A, arrowheads). The
slit of the pharynx rudiment develops into the pharynx
lumen and cavity (Fig. 3A, arrow). However, in in situ
hybridization analyses using DjMHC-A as a probe, several
DjMHC-A-positive cells were already detected in the cen-
tral region of the tail piece within 24 h after amputation,
prior to the formation of the pharynx rudiment (Fig. 3B).
DjMHC-A-positive cells then clustered (Fig. 3C, arrow-
heads) and a slit was formed in the posterior portion of the
cell mass at 1.5 days of regeneration (Fig. 3C, arrow). After
that, the slit penetrated into the cluster of DjMHC-A-
positive cells (Fig. 3D, arrowheads) and formed the distal
part of the pharynx lumen (Fig. 3D, arrow). These results
suggest that pharynx-muscle-forming cells are determined
in the mesenchymal space prior to the formation of the
pharynx rudiment.
Even after the formation of the pharynx rudiment,
DjMHC-A-positive cells were constantly present in the
mesenchymal space surrounding the pharynx rudiment
(Figs. 3E and 3F, arrowheads). It seems that such DjMHC-
A-positive cells may migrate into the pharynx rudiment
and participate in growth of the pharynx. These observa-
tions suggest that pharynx-muscle-forming cells may un-
dergo determination to participate in pharynx formation in
the mesenchymal space outside of the pharynx rudiment.
Regeneration of Pharynx Epithelia
Pharynx epithelia have been classified into three types,
pharynx-lumen epithelium, pharynx outer epithelium, and
pharynx-cavity epithelium (Ishii, 1962/1963, 1964, 1966).
To investigate the origin and regeneration of pharynx epi-
thelia, we used a monoclonal antibody (Mab 7D8) reacting
ess of head pieces. Anterior on the left. (A) Schematic diagram of
umbers indicate the days of regeneration. (C) Horizontal section.
op. (C) At 1 day of regeneration. Arrowheads indicate DjMHC-A-
n the cut surface and the intestinal duct. Dots indicate expression
regeneration. Arrowhead indicates the accumulation of DjMHC-A
pharynx rudiment. (F) At 5 days of regeneration. Open arrowheadproc
he n
the t
twee
ys of
s thenascent cavity-forming region. Arrow indicates pharynx lumen.
s of reproduction in any form reserved.
32 Kobayashi, Watanabe, and AgataFIG. 3. Pharynx-muscle-forming cells are determined in the mesenchymal space. Anterior on the left. (A) Histochemistry. (B–F) In situ
hybridization for DjMHC-A. (A–D) Horizontal sections. (E, F) Sagittal sections. Dorsal on the top. (A) At 2 days of regeneration of tail piece.
Arrow indicates the pharynx cavity. Arrowheads indicate the pharynx rudiment. (B) A high-magnification view of Fig. 1C. At 1 day of
regeneration of tail piece. (C) At 1.5 days of regeneration of tail piece. Arrow indicates a rudiment of the pharynx cavity. Arrowheads
indicate the accumulation of DjMHC-A-expressing cells. (D) At 2 days of regeneration of tail piece. Arrow indicates a distal part of the
pharynx lumen. Arrowheads indicate the pharynx rudiment. (E) At 6 days of regeneration of tail piece. Arrowheads indicate that
DjMHC-A-expressing cells in the mesenchymal region participate in pharynx-muscle formation through the base of the pharynx rudiment.
(F) At 3.5 days of regeneration of head piece. Arrowheads indicate that DjMHC-A-expressing cells appear in the mesenchymal space, not
in the blastema, and participate in pharynx-muscle formation through the base of the pharynx rudiment. Scale bars, 50 (A, C, D), 25 (B),
and 75 mm (E, F).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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34 Kobayashi, Watanabe, and Agatawith the pharynx outer epithelium (Fig. 4A, arrows),
pharynx-cavity epithelium (Fig. 4A, arrowheads), and distal
region of pharynx-lumen epithelium (Fig. 4A, white ar-
rows). Unfortunately, 7D8-positive cells were not detected
during early stages of regeneration before the opening of the
pharynx cavity. Therefore, we could not trace the process of
differentiation of epithelial cells during pharynx regenera-
tion using this antibody. However, the distribution pattern
of 7D8-positive cells suggested that the pharynx-lumen
epithelium is composed of two different types of cells. The
proximal region is composed of 7D8-negative cells, whereas
the distal region is composed of 7D8-positive cells. The
7D8-positive distal region may be formed by penetration of
the slit, which is a DjMHC-A-negative region (Fig. 3D,
rrow), into the cluster of DjMHC-A-positive cells at
around 2 days of regeneration. On the other hand, the
7D8-negative proximal region of the pharynx-lumen epithe-
lium, which is a DjMHC-A-negative region in the pharynx
udiment (Fig. 4B, white arrows), may have been formed at
.5 days of regeneration. These results suggest that 7D8-
ositive and -negative epithelia are independently formed
nd are then connected to each other at around 5 days of
egeneration. These processes are summarized in Fig. 4D.
Ultrastructual and histological studies have shown that
everal intestinal cells separate from the intestinal tissue
nd transdifferentiate into the epithelial cells facing the
harynx lumen during regeneration (Asai, 1990, 1991; Kido,
959, 1961a,b). To investigate whether intestinal cells can
ransdifferentiate into pharynx-lumen epithelium, we ana-
yzed the expression of an intestinal cell-specific gene,
ntestine-A (Agata et al., unpublished results), by in situ
ybridization in the early stages of pharynx-lumen forma-
ion. The presumptive pharynx-lumen epithelial cells were
jMHC-A-negative cells in the pharynx rudiment at 3.5
ays of regeneration. However, the expression of
ntestine-A was not observed in these DjMHC-A-negative
ells at 3.5 days (Fig. 4B, white arrows) and a clear boundary
as observed between intestinal cells and pharynx-lumen
pithelial cells at 5 days of regeneration (Fig. 4C, arrows).
hus we could not obtain evidence for transdifferentiation
f intestinal cells into the pharynx-lumen epithelium using
his molecular marker.
DISCUSSION
Process of Pharynx Regeneration
We have divided the process of pharynx regeneration into
five stages based on the above observations. They are
summarized in Fig. 5. Stage I: At 1–1.5 days of regeneration,
FIG. 5. The progression stages of pharynx regeneration categorize
observed by whole-mount in situ hybridization. Red represents the area t
indicate the stage of pharynx regeneration. Blue indicates 7D8-positive
Copyright © 1999 by Academic Press. All rightjMHC-A-positive cells appear just in the area where the
udiment of the pharynx will form. Stage II: At 1.5–2 days of
egeneration, DjMHC-A-positive cells have accumulated
nd the pharynx rudiment is formed. The slit is opened in
he posterior region of the cluster of DjMHC-A-positive
ells, which will become the 7D8-positive epithelial region,
he distal portion of the pharynx-lumen epithelium, phar-
nx outer epithelium, and pharynx-cavity epithelium. Stage
II: At 2–3.5 days of regeneration, DjMHC-A-positive cells
ontinuously appear in the mesenchymal space surround-
ng the pharynx rudiment and then migrate to the rudi-
ent. Consequently, the pharynx rudiment enlarges and
rows into the pharynx cavity. Stage IV: The proximal
egion of the pharynx lumen is formed; it is initially
bserved as a slit in the anterior portion of the pharynx
udiment at 3.5 days of regeneration (Fig. 5, green). The
roximal portion and distal portion of the pharynx lumen
re then connected, and simultaneously the intestinal duct
nd the pharynx lumen are connected by 5 days of regen-
ration. Stage V: At 5–6 days of regeneration, DjMHC-A-
ositive cells have accumulated in the body-wall-muscle
ayer of the nascent cavity-forming region and then the
harynx cavity becomes open. Around this time, 7D8
ntigen is synthesized in the pharynx outer epithelium, the
harynx-cavity epithelium, and the distal region of the
harynx-lumen epithelium (Fig. 5, blue), and pharynx re-
eneration is completed. Even after completion of the
harynx regeneration, DjMHC-A-positive cells appear in
he mesenchymal space surrounding the pharynx and may
articipate in continuous growth of the pharynx.
The DjMHC-A-Positive Cells Appear in the
Mesenchymal Space Rather Than in the
Pharynx Rudiment
It has been thought for a long time that the pharynx
rudiment is composed of undifferentiated cells and that
pharynx muscles differentiate from the mass of undifferen-
tiated cells in the pharynx rudiment (Brønsted, 1969; Kido,
1959, 1961a,b; Asai, 1990, 1991; Bueno et al., 1997b).
owever, our results clearly indicate that the cells clus-
ered in the pharynx rudiment already express the pharynx-
uscle-specific DjMHC-A gene and that cells expressing
jMHC-A are observed in the mesenchymal space prior to
he formation of the pharynx rudiment. Furthermore, even
fter formation of the pharynx rudiment, such DjMHC-A-
ositive cells appear in the mesenchymal space surrounding
he pharynx rudiment. These results suggest that commit-
ent of pharynx-muscle-forming cells may occur in the
the expression of DjMHC-A. Orange represents the area that wasd by
hat was observed by in situ hybridization of sections. The numbers
area. Green indicates 7D8-negative area.
s of reproduction in any form reserved.
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36 Kobayashi, Watanabe, and Agatamesenchymal space of the stump prior to incorporation of
the cells into the pharynx rudiment.
Bueno et al. (1997a,b) have already analyzed expression of
the MHC protein during pharynx regeneration using the
monoclonal antibody TMUS-13, which may recognize the
product of the DjMHC-A gene, since they have isolated the
counterpart of the DjMHC-A gene from Dugesia tigrina by
immunoscreening using this monoclonal antibody (Cebria
et al., 1997). They have shown that MHC-positive cells
appear in the cell mass of the pharynx rudiment after
formation of the pharynx rudiment (Bueno et al., 1997b). If
t could be confirmed that the protein product of the
jMHC-A gene is not present in the DjMHC-A-positive
ells in the mesenchymal space, our findings would suggest
hat the mRNA of the DjMHC-A gene is transcribed but not
ranslated in the cells committed to differentiate to phar-
nx muscles in the mesenchymal space until the cells
igrate to the pharynx rudiment. Recently, we showed that
vasa-related RNA helicase, DjvlgA, is strongly expressed
n totipotent stem cells and in the cells that differentiate
rom them. During pharynx regeneration, DjvlgA was
trongly expressed in the pharynx rudiment, and then the
xpression was down-regulated during maturation of the
harynx (Shibata et al., 1999). This suggests that such
olecules may be involved in controlling the state of the
ommitted cells until they migrate to their appropriate
ositions.
The DjMHC-A-Positive Cells Were Not Derived
from the Blastema
Our results also clearly indicated that the cells in the
blastema did not participate in pharynx formation and that
the pharynx is formed in a region outside of the blastema. It
is generally thought that lost organs or tissues may be
regenerated from the blastema, based on studies of amphib-
ian limb regeneration, in which lost parts of the limb are
regenerated from the blastema. Kido (1961a,b) concluded
from classical histological observations that the pharynx is
formed in the stump region of tail pieces and that undiffer-
entiated cells in the blastema migrate along a “streaming
pathway” to the stump region to form the pharynx rudi-
ment. However, we could not confirm his observations.
The DjMHC-A-Positive Cells May Derive
from the Neoblasts
The position at which the DjMHC-A-positive cells ap-
pear is very suggestive. It has been believed that planarians
may have totipotent stem cells, called neoblasts (Bagun˜a`,
981; Bagun˜a` et al., 1989). The neoblasts are scattered
hroughout the body, except in the pharynx (Bagun˜a`, 1976;
alo and Bagun˜a`, 1989). Recently, our group succeeded in
howing the distribution pattern of neoblasts and neoblast-
erived cells by in situ hybridization of sections using the
jvlgA gene as a probe (Shibata et al., 1999). In intact
lanarians, the DjvlgA-positive cells are located in the
Copyright © 1999 by Academic Press. All rightesenchymal space between the intestinal ducts and body-
all muscle layers from head to tail. In regenerating pla-
arians, the DjvlgA-positive cells in the mesenchymal
pace participate in regeneration of lost tissues and organs.
jMHC-A-positive cells are constantly appearing in the
esenchymal space, suggesting that the DjMHC-A-
ositive cells that appear in the mesenchymal space may be
subpopulation of neoblast-derived cells.
We previously reported that in the intact planarian,
jMHC-A was expressed in several cells in the mesenchy-
al space around the base of pharynx (Kobayashi et al.,
998). This suggests that the DjMHC-A-positive cells are
onstantly produced in the mesenchymal space even in
ntact planarians, as part of the process of normal growth of
he pharynx.
How Is the Region Producing the DjMHC-A-
Positive Cells Determined?
The continued appearance of DjMHC-A-positive cells in
the mesenchymal cells is reminiscent of the continued
appearance of prestalk cells (pst0 cells) in the prespore zone
and their migration to the prestalk zone in slime mold slug.
In the cellular slime mold, it has been reported that the
cells committed to differentiate into prestalk cells, which
scattered in the prespore zone, migrated to the prestalk
zone due to sorting out (Sternfeld and David, 1981, 1982).
However, in planarians, the DjMHC-A-positive cells may
appear in a restricted area of the mesenchymal space and
then migrate to the central position according to the rule for
body patterning. In the case of regeneration from head
pieces, the DjMHC-A-positive cells appear in the mesen-
chymal space in the posterior region of the stump and then
migrate to the boundary region between the stump and the
blastema. It seems that such events are controlled by
positional signals. Bueno and co-workers (1995, 1996)
showed the presence of a molecule (TCEN 49 antigen)
restricted to the central region of the planarian body.
During regeneration, this molecule is detected first in the
place where the new pharynx rudiment will form and
finally in the central region of the body. These patterns are
very similar to the distribution patterns of the DjMHC-A-
positive cells. It seems that pharynx-muscle-forming cells
appear in the region where such molecules are expressed.
This suggests that the body pattern along the anteroposte-
rior axis may be reorganized by positional signals, and
undifferentiated cells (neoblasts) are induced to differenti-
ate into pharynx-muscle-forming cells in accordance with
the reorganized body patterning. We will need to clarify this
point by anterior–posterior chimeras.
The Process of Regeneration of the Pharynx
Epithelia
Pharynx epithelia have been classified into three types,
pharynx-lumen epithelium, pharynx outer epithelium, and
pharynx-cavity epithelium. The regeneration process of
s of reproduction in any form reserved.
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37Planarian Pharynx Regenerationthese epithelia has been extensively studied by electron
microscopic analyses, but there are many contradictory
observations. Asai (1990, 1991) reported that the pharynx
outer epithelium and pharynx-cavity epithelium are de-
rived from the neoblasts, but that the pharynx-lumen
epithelium is derived from dedifferentiation of intestinal
cells. Kido (1959, 1961a,b) reported that all pharynx epithe-
lial cells are derived from dedifferentiated cells of intestinal
cells. On the contrary, Bueno and co-workers (1997b) have
maintained that all pharynx epithelial cells are derived
from the neoblasts. To investigate the origin and differen-
tiation process of the pharynx epithelia, we used molecular
markers specifically expressed in pharynx epithelia or in
the intestine. However, no molecular markers isolated so
far could identify the origin of these epithelial cells. To test
for transdifferentiation of intestinal cells, we need to isolate
early-expressing genes for pharynx-lumen epithelium or
antibodies to intestinal cells.
However, we could conclude from analyses using mo-
lecular markers that there are at least two different origins
of the pharynx epithelia. One part of the epithelia seems to
originate from the cells surrounding the primitive slit
observed at the posterior end of the pharynx rudiment at an
early stage of regeneration. It may become the pharynx-
cavity epithelium, the pharynx outer epithelium, and the
distal part of the pharynx-lumen, which are characterized
by monoclonal antibody 7D8-positive cells. The other part
may originate from the cell mass in the anterior part of the
pharynx rudiment. It will become the epithelial cells com-
posing the proximal part of the pharynx-lumen, which is a
monoclonal antibody 7D8-negative region. It has already
been concluded from electron-microscopic analysis the
pharynx outer epithelium in morphologically similar to the
pharynx-cavity epithelium and the distal part of the
pharynx-lumen epithelium. Epithelial cells of these layers
are morphologically identified as insunk-type cells. How-
ever, the proximal part of the pharynx-lumen epithelium
consists of polymorphous-type cells (Ishii, 1962/1963, 1964,
1966).
We could not ascertain whether pharynx-epithelial cells
and other cells in the pharynx are derived from undifferen-
tiated cells or dedifferentiation of intestinal cells or
whether these cells are committed prior to migration into
the pharynx rudiment like pharynx-muscle-forming cells.
Different cell types might behave in different ways. To
clarify these points, we should isolate cell type-specific
genes other than DjMHC-A.
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